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We present new ndings for a number of systems over a wide energy range. This investigation
addresses the problems that previous models could not account for within the framework of the
coupled-channels theory for light heavy-ion reactions such as 16O+28Si, 12C+24Mg and 12C+12C.
The present letter shows the limitations of the standard coupled-channels theory and also demon-
strates that a global solution, which accounts for the scattering observables over a wide energy
range, can be found using a new second-derivative coupling potential in the coupled-channels for-
malism. This new approach consistently improves the agreement with the experimental data for
the elastic and inelastic scattering as well as for their excitation functions using constant or slightly
energy-dependent parameters.
PACS numbers: 24.10.-i, 24.10.Eq, 24.10.-v, 24.10.+g
This letter presents an analysis of the 16O+28Si,
12C+24Mg and 12C+12C systems in the framework of
the coupled-channels formalism. Over the last 40 years,
there has been extensive experimental eort to measure
the elastic and inelastic scattering data as well as their
90◦ and 180◦ excitation functions. A large body of ex-
perimental data for these systems is available (see [5{7]
and references therein).
A variety of theoretical accounts based on dynamical
models or purely phenomenological treatments have been
proposed to explain these data [5,8,9]. The elastic scat-
tering data have already been studied in detail using the
optical model and the coupled-channels method.
Although most of these models provide reasonably
good ts, no unique model has been proposed that ex-
plains consistently the elastic and inelastic scattering
data over a wide energy range without applying any
ad hoc approaches. Consequently, the following prob-
lems continue to exist for light heavy-ion reactions: (1)
explanation of anomalous large angle scattering data,
`ALAS'; (2) reproduction of the oscillatory structure near
the Coulomb barrier; (3) the out-of-phase problem be-
tween theoretical predictions and experimental data for
the ground and excited states; (4) simultaneous ts of the
individual angular distributions, resonances and excita-
tion functions (for the 12C + 12C system in particular);
(5) the magnitude of the mutual-2+ excited state data
in the 12C + 12C system is unaccounted for; (6) the de-
formation parameters ( values): previous calculations
require  values that are at variance with the empirical
values and are physically unjustiable.
The main purpose of our analyses is to nd a global
model, which simultaneously ts the elastic and inelastic
scattering data for the ground and excited states in a con-
sistent way over a wide energy range, and which throws
light on the underlying mechanism of the reactions and
on the nature of the interactions involved.
I. THE MODEL
The three systems we study are quite dierent in many
ways but they share two common features: (i) the elastic
scattering data suggest that there is weak absorption in
the entrance channel in each case and (ii) each reaction
involves at least one nucleus which is highly deformed.
A. The Standard Coupled-Channels Calculations
In the standard coupled-channels formalism, we de-
scribe the interaction between two nuclei with a deformed
optical potential. For all the reactions considered, the
real potential is assumed to have the square of a Woods-
Saxon shape. The parameters of the real potential for the
16O+28Si and 12C+24Mg systems are xed as a function
of energy and are not changed in the present calculations.
For the 12C+12C system, it is slightly energy-dependent.
The parameters are shown in table I. Coulomb potential
is assumed to be that of a uniformly charged nucleus.
The imaginary part of the potential is the standard
Woods-Saxon shape. Only the depth or radius increased
linearly with energy.
Since the target nuclei 28Si, 24Mg and 12C are strongly
deformed, it is essential to treat their collective excita-
tions explicitly in the framework of the coupled-channels
formalism. We assume that the target nuclei for all the
systems considered have static quadrupole deformations,
and that their rotations are described in the framework of
the collective rotational model. The deformation param-
eter of the target nucleus is calculated from the known
B(E2) value. The calculations were performed with an
extended version of the code CHUCK [10].
Using this standard coupled-channels method, we
found, as other authors had found, that it was not possi-
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ble to nd a consistent solution over a wide energy range
to the above-mentioned problems (see discussion of re-
sults and gures below).
B. New Coupling Potential
The limitations of the standard coupled-channels the-
ory in the analyses of these reactions compelled us to
look for another solution. Therefore, a second-derivative
coupling potential, as shown in gure 1, has been used in
the place of the usual rst-derivative coupling potential.
The shape of this new coupling potential has been mo-
tivated by the oblate or prolate shape of the projectile
and target nuclei as well as the shape of the compound
nucleus created by them [4]. That is, this new coupling
potential can be made oblate at large distances and pro-
late at short distances and vice versa. The shape of this
new coupling potential produces a second local minimum
in the total interaction potential, which is related to the
superdeformed structure of the compound nucleus [4].
Here we employed the same method with small changes
in the potential parameters. The empirical deformation
parameter (2) is used in these calculations.





















FIG. 1. For 16O+28Si, the comparison of the standard cou-
pling potential which is the rst derivative of the central po-
tential and our new coupling potential which is parameterised
as the 2nd derivative of Woods-Saxon shape.
II. 16O+28Si
The rst system we consider is 16O + 28Si, which shows
anomalous large angle scattering (ALAS). In the present
work, we consider an extensive simultaneous investiga-
tion of the elastic and the inelastic scattering of this sys-
tem at numerous energies from ELab=29.0 MeV to 142.5
MeV over the whole angular range up to 180◦. In this
energy range, the excitation functions for the ground and
2+ states are also analysed [1].
Several ad hoc models have been proposed to explain
these data, but no satisfactory microscopic models have
been put forward yet. The most satisfactory explanation
proposed so far is that of Kobos and Satchler [9] who
attempted to t the elastic scattering data with a micro-
scopic double-folding potential. However, these authors
had to use some small additional ad hoc potentials to
obtain good agreement with the experimental data.
Using the standard coupled-channels method, some of
the results obtained for the 180◦ excitation functions for
the ground and 2+ states of the 16O+28Si reaction are
shown in gure 2. The magnitude of the cross-sections
and the phase of the oscillations for the individual angu-
lar distributions are given correctly at most angles. How-
ever, there is an out-of-phase problem between the the-
oretical predictions and the experimental data towards
large angles at higher energies. This problem is clearly
seen in the 180◦ excitation functions which are shown
in the gure. A number of models have been proposed,
ranging from isolated resonances to cluster exchange be-
tween the projectile and target nucleus to solve these
problems (see ref. [5] for a detailed discussion).
We have also attempted to overcome these problems
by considering: (i) changes in the real and imaginary po-
tentials, (ii) inclusion of 6+ excited state, (iii) changes
in the 2 value, (iv) the inclusion of the hexadecapole de-
formation (4). These attempts failed to solve the prob-
lems at all [1]. We were unable to get an agreement with
the elastic and the 2+ inelastic data as well as the 180◦



























FIG. 2. The 16O+28Si system: 180◦ excitation function for
(a) ground and (b) 2+ states respectively. The dotted lines are
the results of standard coupled-channels calculations and solid
lines are the results obtained using new coupling potential.
But, as shown in gure 2, the new coupling potential
has solved the out-of-phase problem for the 180◦ exci-




The second example is the 12C + 24Mg system. The
angular distributions oscillate strongly near the Coulomb
barrier and the data manifest ALAS. Our analysis con-
sists of a simultaneous investigation of the elastic and
inelastic scattering data from ELab=16.0 to 24.0 MeV [2].
The most extensive study for this system was carried
out by Sciani et al [6]. The authors could only t these
data with Q-value dependent potential parameters in a
rather ad hoc fashion. Without Q-dependent potentials,
they observed that the theoretical predictions and the
experimental data for the elastic and inelastic scattering
data were completely out-of-phase.



















































FIG. 3. The 12C+24Mg system: The results of the new
coupled-channels calculations for the ground and 2+ states
using the empirical 2 value.
In the present calculations, we have studied the data
of ref. [6] as well as some inelastic scattering data mea-
sured by Carter et al some twenty years ago [11,12]. Ex-
cellent agreement with the data was obtained using our
new coupling potential. Some of the individual angular
distribution ts are shown in gure 3. Our model has also
solved some problems of the 16O+24Mg reaction [3,13].
IV. 12C+12C
Finally, the 12C+12C system, studied intensively over
the last 40 years, is considered in the energy range of
20.0≤ELab≤126.7 MeV. Our analysis consists of a simul-
taneous investigation of the elastic, single-2+ and mutual-
2+ states data as well as the 90◦ excitation functions.
Tentative attempts have also been made for the single-
2+ and mutual-2+ states resonances observed by Cormier
et al [14]. The analysis of the energy-averaged elastic and
inelastic angular distributions and excitation functions is
of specic concern here.
The conventional folding model potentials fail to re-
produce certain aspects of the data such as the gross
structure in the 90◦ elastic scattering excitation func-
tion and, in particular, the magnitude of the mutual-2+
state data. So far, no model has been able to explain
the scattering data and the resonances simultaneously,
and no model has been able to predict the magnitude
of the mutual-2+ state data correctly. The conventional
coupled-channels model using double-folding potentials
underestimates its magnitude by a factor of at least two
and often much more and the single-2+ state results
are too oscillatory in comparison with the experimental
data [7,15{17]. We have also observed such results in our
conventional coupled-channels calculations as shown only
for the mutual-2+ case in gure 4 with dashed lines. The
resonances [14,18] observed at low energies have never
been tted simultaneously with either the angular distri-
butions or the excitation functions either.












































FIG. 4. The 12C+12C system: The results of the single and
mutual-2+ states. The solid lines are the results of the new
coupling potential, while the dashed lines are the results of
standard coupled-channels model.
Using this new coupling potential, we have been able to
t the energy average of all the available ground, single-
2+, mutual-2+ and the backgrounds in the integrated
cross-sections of Cormier [14] as well as the main gross
features of the 90◦ excitation function [7], as shown in
gures 4 and 5, simultaneously. Our preliminary calcu-
lations of resonances using no imaginary potential are
promising but there are problems with the widths of the
resonances.
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The eect of this new coupling potential on the scat-
tering has been probed through the total inverted po-
tential, i.e. the dynamical polarization potential (DPP)
plus the bare potential, obtained by inversion of the S-
matrix. The most eective and sensitive regions of the
new coupling potential have been identied. We have
precisely determined the eect of the inclusion of the ex-
cited states on both the real and imaginary potentials as
well as the eect of the new coupling potential.
We have found that for the standard coupling poten-
tial, the added attraction is almost the same as the added
absorption, whereas, for the new coupling potential case,
the added attraction is much greater than the added ab-
sorption. Therefore, the new coupling potential creates
a deepening in the surface region of the real potential.
This deepening of the real potential can be understood
consistently with nuclear structure models [4].
















FIG. 5. The 12C+12C system: 90◦ excitation function for
the elastic scattering using new coupling potential with little
dependence on energy except for the depth of the imaginary
potential.
To summarise, while these systems show quite dierent
properties and problems, a unique solution has come from
a new coupling potential. This new approach has not
only tted the previously measured experimental data,
but also makes new predictions, which can be experi-
mentally tested [19]. Our work reveals that there is no
reason for the coupling potential to have the same en-
ergy dependence as the central term and the approach
outlined here is universal and applicable to all systems.
Studies using this new coupling potential are likely to
lead to new insights into the formalism and the interpre-
tation of these systems. Therefore, this work represents
an important step towards understanding the elastic and
inelastic scattering of light deformed heavy-ion systems.
TABLE I. The parameters of the central and coupling po-
tentials for the systems studied.
Central Coupling
V r0 a V r0 a
16O+28Si 750.5 0.749 1.4 155.0 0.748 0.81
12C+24Mg 427.0 0.865 1.187 185.0 0.710 0.62
12C+12C ∼290.0 ∼0.8 ∼1.28 210.0 ∼0.67 ∼0.68
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